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Abstract. Dielectric measurements between 0.1 to 10 MHz were obtained using an HP 4192A Impedance 
analyzer for switchgrass and corn stover. For each material, the measurements were obtained at four 
moisture content levels and three bulk densities. Dielectric properties of these materials could be calculated 
based on admittance readings and each variable was significant for dielectric constant and loss factor 
measurements. Dielectric variables were able to be used moisture content and bulk density predictions for 
both materials. For switchgrass, moisture content was predicted with R2 = 0.94 and RMSE = 0.052, while 
for density was predicted with R2 = 0.85 and RMSE = 0.0323.  For corn stover, moisture content was 
predicted with R2 = 0.90 and RMSE = 0.0315, whereas, for bulk density, the prediction had a R2 =0.87 and 
RMSE = 0.0068. The results showed that dielectric measurements have good potential for predicting 
moisture content and bulk density although further investigation is required for a wider range of frequencies, 
moisture content, and bulk density levels. 
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Introduction 
Moisture content (M.C.) and bulk density (B.D.) are important factors that affect harvesting, drying, and 
storage in biomass production systems. During grain harvest, the kernel can be damaged if it is too wet, 
and its quality decreased. Additionally, damaged grain is more susceptible to fungal infection, leading to 
spoilage during storage and, consequently, becoming non-viable for human or animal consumption (Nelson 
and Trabelsi, 2004). In addition, the moisture content of biomass materials such as corn stover and 
switchgrass, have a significant effect on dry matter losses during storage and biomass supply chain costs. 
Standard methods of determining M.C. for grains and forage require drying and weighing small samples for 
a long time in controlled environment conditions (ASABE, 2012; ASABE, 2012). Therefore, instruments 
have been developed to be a commonly used means for agricultural products moisture prediction. 
Numerous instruments are based on the high correlation between moisture content and electrical 
conductivity of a material. These systems measure the dielectric properties of the materials and predict 
characteristics of a sample mass using calibration functions. However, different calibrations are necessary 
if different materials are being tested since dielectric property values are dependent of different variables 
(Nelson and Trabelsi, 2012). 
Even though corn stover and switchgrass are widely studied as a feedstock for biofuels and animal feed, 
there is a gap in the knowledge about how these materials interact within an electric field. Specifically, the 
dielectric properties in a wider range of frequencies under influence of different moisture content and bulk 
densities that have not been characterized. 
Nelson and Trabelsi (2004) showed that dielectric properties are highly dependent on frequency, moisture 
content, bulk density, and temperature. Thus, in this study, the admittance of the switchgrass and corn 
stover with different levels of moisture content and bulk density was measured to determine the dielectric 
properties of these materials. Based on these characteristics, calibration models could be developed to 
predict moisture content and bulk density. 
Improved measuring instruments and techniques can be developed by determining the dielectric properties 
of switchgrass and corn stover across a wider frequency range. In addition, microwave pyrolysis is a 
technique that is highly influenced by dielectric properties, thus, knowing more about the properties of the 
materials, would help understand the behavior of switchgrass and corn stover during pyrolysis. 
Theory 
Dielectric properties characterize the interaction between a material and an electrical field. They have been 
used in several applications, including moisture sensors based on radio waves and microwaves. One of 
these dielectric properties is permittivity (ε) that measures the resistance of a material to form an electric 
field. Permittivity is a complex variable, where the real part correspond to the dielectric constant ε’ and the 
imaginary part ε” is the dielectric loss factor. 
  𝜀𝜀 = 𝜀𝜀′ + 𝑗𝑗𝜀𝜀′′ (1) 
The dielectric constant is associated with the energy storage in the material while the dielectric loss is 
associated with energy dissipation in the form of heat. They can be determined by measuring the complex 
variable admittance, Y, of the material. Admittance is a measurement of the ability of a circuit to allow 
current flow, when a potential difference is applied to the circuit. In other words, admittance is the complex 
reciprocal of impedance. The real part of the admittance, G, is the conductance, and the imaginary part, B, 
is the susceptance. Dielectric constant and loss factor can be determined by the following equations: 
𝜀𝜀′ = 𝑑𝑑×𝐵𝐵
𝜔𝜔𝜀𝜀0𝐴𝐴
 (2) 
 
𝜀𝜀′′ = 𝐺𝐺
𝜔𝜔𝐶𝐶0
 (3) 
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Where, ω is the angular frequency of the applied signal (rad/sec), d is the distance between the two conductor 
plates (m), A is the area of the plates (m2), Co is the capacitance of the empty sensor (F), and ε0 is the dielectric 
constant of the free space that is equal to 8.854 x 10-12 F/m.  
For grains, both dielectric constant and loss factor are not only a function of the moisture content; they are, also, 
dependent of the electric field frequency, the temperature, and the bulk density of the grain (Nelson and Trabelsi, 
2004). 
The goal of this study was to determine the dielectric constant and loss factor of switchgrass and corn stover by 
measuring permittivity at different moisture content and bulk density levels. In addition, the study had an objective 
to develop a model capable of predicting moisture content and bulk density of the studied material based on the 
dielectric variables obtained. 
Materials and methods 
Corn stover and switchgrass sample material were obtained from the BioCentury Research Farm at Iowa State 
University where the materials were grinded using a 1.9 cm (¾ in) screen. The material was prepared in the 
laboratory in an attempt to set different moisture content levels, by the addition of water to dry switchgrass and 
corn stover sample. The measurements were collected throughout the drying process. The standard procedure 
for moisture content determination was used before each measurement, where three replicate sample of, 
approximately, 80 grams of sample material were oven dried for 24 hours at 103oC inside a forced air oven. 
To obtain the permittivity measurements for both switchgrass and corn stover, a Hewlett-Packard 4192 LF 
impedance analyzer was utilized at several frequencies. The impedance analyzer was connected to a sample 
holder designed via an HP 16095 Probe fixture. 
A static sensor was built to serve as the sample holder and take the necessary measurements. It was made of 
two parallel sensing walls and two insulating plates perpendicular to the sensing walls. On the top and bottom of 
the sensor, there were another two insulating plates closing the system, as it can be seen in Figure 1. 
Polycarbonate was chosen for insulation material. 
 
 
Figure 1. Assembled static sensor and sensing wall 
The sensing wall was composed of five layers (6 in x 6 in x 0.125 in), in which, two intermediary layers were steel 
plates and the other three layers were made of polycarbonate. All layers were attached with acrylic glue and 
silver epoxy was used to conduct the signal from the first steel sheet to the second one. SMA connectors were 
used to link the impedance analyzer to the sample holder. 
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 Figure 2. Each sensor wall consisted of an outer guard sheet (left), an inner electrode steel sheet (right, inner) and guard ring 
(right, outer).  The outer guard and guard ring were connected to ground terminal, with the inner electrode connected to the 
measurement circuit. 
The outer guard and guard ring operated as an electrical shield, and the inner steel plate was responsible to 
conduct the signal through the material and back to the impedance analyzer, as shown in the figure 3. The 
objective of the shield was to minimize effects of stray electromagnetic fields by connecting the shield output to 
the ground. 
To calculate the dielectric constant (εm’) and dielectric loss factor (εm”), the complex admittance, Y = G + jB, was 
measured, where the real part, G, is the conductance and B represents the imaginary part, susceptance. 
Expressions for εm’ and εm” were derived from a schematic, as seen in Figure 3, similarly to methods used by 
Lawrence and Nelson. (1993). 
 
Figure 3. Equivalent circuit of the sample holder for dielectric measurements. 
The two equations were obtained to determine the material dielectric constant (ε’m) and loss factor (ε”m): 
𝜀𝜀𝑚𝑚
′ = 𝐵𝐵𝑚𝑚−𝐵𝐵𝐵𝐵
2𝜋𝜋𝜋𝜋×1.87×10−12 + 1  (1) 
𝜀𝜀𝑚𝑚" =  𝐺𝐺𝐵𝐵−𝐺𝐺𝑚𝑚2𝜋𝜋𝜋𝜋×1.87×10−12 (2) 
Where: 
Bm: susceptance of the sample holder filled with material (S), 
Ba: susceptance of the sample holder empty (S), 
Ga: conductance of the sample holder empty (S); 
Gm: conductance of the sample holder filled with material (S), 
f: input frequency of the impedance analyzer (Hz). 
 
Measurements of conductance (G) and susceptance (B) were obtained for the sample holder empty before each 
measurement of the sample holder filled with material. Five measurements were taken using four different 
Rmat Rc Rf Cmat Cc Cf
Impedance 
Analyzer Ground
Impedance 
Analyzer Input
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moisture content, (10.3%, 13.2%, 21.4% and 35.4% for switchgrass, and 10.6%, 13.8%, 26.5% and 34.9% for 
corn stover, respectively) and three bulk densities (0.08, 0.10, and 0.12 g/cm3) for each material in a frequency 
range of 0.1, 1, 2, 5 and 10 MHz. 
Dielectric response models were developed for dielectric properties factor based on data treatments. Dielectric 
constant and loss factor were the response variables while frequency, moisture content, and bulk density were 
used as the predictor variables. 
The dielectric response of the measured samples represents the net effect of these three factors. Therefore, the 
initial statistical analysis was used to check the significance and effect of each variable involved in the 
experimental design on the dielectric measurements. After determining the influence of the dielectric properties 
variables was significant, the calibration models were developed to predict moisture content and bulk density for 
each material. 
 
Results and discussion 
Dielectric properties and statistical analysis 
The relationship between moisture content and dielectric properties for switchgrass is shown in figure 4 for 
switchgrass and figure 5 for corn stover. Dielectric constant and loss factor were plotted against the moisture 
content separated for each bulk density, where loss factor is represented on the left and dielectric constant on 
the right. The points in the plot represent the average of the five replicate for each property and the error bars 
correspond to the standard deviation. An increase in the dielectric constant and loss factor were observed for 
both materials with increase in moisture content. 
Figure 4. Loss factor (left) and dielectric constant (right) of switchgrass at 1 MHz for each bulk density, 0.08 g/cm3 (top), 0.10 
g/cm3 (middle), and 0.12 g/cm3 (bottom). 
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Figure 5. Dielectric loss factor (left) and dielectric constant (right) of corn stover at 1 MHz for each bulk density, 0.08 g/cm3 (top), 
0.10 g/cm3 (middle), and 0.12 g/cm3 (bottom). 
 
In general, the increase in the dielectric constant was more obvious for lower frequencies (1 MHz) than at higher 
frequencies (10 MHz), which suggests that dielectric constant is more sensitive to lower frequencies when trying 
to predict moisture content. The opposite was observed for the loss factor, as shown in figure 6. The increase of 
this property was higher at 10 MHz compared to a 1 MHz signal.  
Figure 6. Dielectric constant and loss factor against the moisture content at 0.10 g/cm3 for two frequencies 
From tables 1 to 4, it can be observed that all three variables are highly significant to predict loss factor and 
dielectric constant for corn stover and switchgrass. The Standard Least Square regression to estimate loss factor 
for corn stover (Table 1) had an R2 equal to 0.633. Dielectric constant (Table 2) had an R2 of 0.523, for corn 
stover. For switchgrass, R2 was equal to 0.802 for loss factor prediction (Table 3), and 0.716 for the dielectric 
constant prediction (Table 4). Where A = frequency (MHz), B = moisture content (decimals w.b.), and C = bulk 
density (g/cm3). 
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Table 1. Loss factor prediction model for corn stover and analysis of variance 
Term Estimate Std Error t Ratio Prob>|t| F Ratio 
Intercept -3.21 0.462 -6.96 <.0001 - 
(A - 3.62)2 0.0194 0.00479 4.06 <.0001 16.5 
B 7.93 0.755 10.50 <.0001 110.2 
(B - 0.215)2 177 12.5 14.25 <.0001 203.1 
C 12.366 4.22 2.93 0.0037 8.59 
 
Table 2. Dielectric constant prediction model for corn stover and analysis of variance 
Term Estimate Std Error t Ratio Prob>|t| F Ratio  
Intercept -0.175 0.376 -0.47 0.6410 -  
A -0.241 0.0240 -10.07 <.0001 101.3  
(A – 3.62)2 0.0447 0.00598 7.47 <.0001 55.9  
B 5.58 0.613 9.10 <.0001 82.7  
(B – 0.215)2 74.7 10.1 7.39 <.0001 54.6  
C 9.00 3.42 2.63 0.0090 6.91  
 
 
Table 3. Loss factor prediction model for switchgrass and analysis of variance 
Term Estimate Std Error t Ratio Prob>|t| F ratio  
Intercept -3.27 0.365 -8.95 <.0001 -  
A 0.141 0.0153 9.17 <.0001 84.1  
B 14.8 0.572 25.85 <.0001 668.2  
(A - 3.62)×(B - 0.202) 2.82 0.159 17.72 <.0001 314.0  
C 16.4 3.37 4.86 <.0001 23.6  
(A - 3.62) × (C - 0.1) 3.86 0.939 4.11 <.0001 16.9  
(B - 0.202) × (C - 0.1) 204 35.1 5.82 <.0001 33.9  
(A - 3.62) × (B - 0.202) × (C 
- 0.1) 
63.0 9.76 6.45 <.0001 41.7  
 
Table 4. Dielectric constant prediction model for switchgrass and analysis of variance 
Term Estimate Std Error t Ratio Prob>|t| F ratio Prob > F 
Intercept -0.796 0.371 -2.14 0.0329 - - 
A -0.324 0.0239 -13.56 <.0001 184.0 <.0001 
(A - 3.62)2 0.0509 0.00596 8.53 <.0001 72.7 <.0001 
B 15.9 0.824 19.27 <.0001 371.3 <.0001 
(B - 0.202)2 -43.3 9.24 -4.68 <.0001 21.9 <.0001 
C 14.1 3.42 4.12 <.0001 17.0 <.0001 
 
The F test provides a measure of the relative significance of the independent variables on the response. 
Although, all three parameters (moisture content, bulk density, and measurement frequency) were highly 
significant, in general, frequency and moisture content had higher F values than bulk density. Therefore, moisture 
content and frequency had a greater effect on the dielectric response compared to the mass material contained 
within the sample holder. Thus, density should be further investigated to understand better its effect on dielectric 
properties response. 
Matasemi et. al. (2014) found similar results for switchgrass where the dielectric constant and loss factor were 
measured at different temperatures at a constant bulk density for a 915 MHz and 2450 MHz electrical signal.  
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Variable selection and multivariate analysis 
The dielectric constant, loss factor, and calculated loss factor at each frequency were considered as independent 
variable in the multivariate analysis and prediction analysis. 
Multivariate stepwise regression was utilized to develop prediction models, to achieve a high coefficient of 
determination (R2) with the minimum number of parameters included in the model, as possible. Four different 
variations of models were used; 1) regression models based on the main factors with no interaction terms, and 
2) second order factorial regression models based on the main factors and second order interaction term. In 
addition, regression models were determined for the moisture content and bulk density, and alternatively 
logarithm base 10 (log) of moisture content and bulk density as the predicted variables. 
Models were developed using only the dielectric properties previously described (original variables) and other 
predictions were created using related variables of the dielectric properties, for example the natural logarithm 
and cubic root of the dielectric constant and loss factor. Multivariate Standard Partial Squares Regression was 
used (alpha = 5%) and centered by the mean. 
Figures 7 to 10 show the relationship between the numbers of parameters and the coefficient of determination 
for all the models developed as described previously. It can be observed that R2 increased together with the 
number of factors utilized. Each model was set to a limit of 20 variables to avoid over fitting the predictions. The 
use of related dielectric variables helped to improve the coefficient of determination for some models, especially 
for corn stover that had higher R2 when compared to models with only the original dielectric properties as 
variables.  
 
 
Figure 7. Coefficient of determination against number of related dielectric variables in moisture content prediction model 
 
 
Figure 8. Coefficient of determination against number of related dielectric variables in bulk density prediction model 
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 Figure 9. Coefficient of determination against number of plain dielectric variables in moisture content prediction model 
 
Figure 10. Coefficient of determination against number of plain dielectric variables in bulk density prediction model 
For moisture content determination, it can be observed from figure 7 and 9 that models with very few variables 
were capable of achieving an R2 greater than 0.9. One switchgrass model with three parameters and using only 
the original dielectric variables had a coefficient of determination equal to 0.9355. For corn stover, using original 
dielectric and related variables, a four-parameter model obtained a R2 of 0.9033. Bulk density needed a higher 
number of parameters to achieve a coefficient of determination close to 0.9, as observed in figures 8 and 10. For 
switchgrass, 19 parameters were necessary using only simple dielectric variables for a R2 equal to 0.9045, 
although, a model with 16 parameters utilizing both original and related dielectric factors was observed for a R2 
of 0.8667. Corn stover, bulk density models did not achieve a coefficient close to 0.9 with 20 or less parameters. 
Using only the original variables, the best fit used 20 parameters for a R2 of 0.8959. Using 16 parameters, the 
best-fit model had an R2 of 0.8737. 
The best models were selected based on those that had the fewest number of variables and closer to a coefficient 
of determination of 0.85 or higher. 
The final model for switchgrass moisture content prediction had three parameters. This calibration had an R2 = 
0.94 and RMSE = 0.052 as shown in figure 11. It can be observed from table 5 that, as previously noted, low 
frequencies was more sensitive for dielectric constant measurement than high frequencies and the opposite was 
observed for loss factor. Analyzing the F ratio for this model, the dielectric constant for a 0.1 MHz signal had 
higher potential to predict moisture content when compared to the loss factor. This model used the logarithm of 
the moisture content, thus the results obtained from the polynomial should be converted to decimals or 
percentage. 
The results obtained for corn stover moisture content prediction are shown on table 6. Four parameters were 
necessary to explain 90% of the moisture content variation with an RMSE equals to 0.0315 as observed in figure 
12. One related and two original dielectric variable were used to describe this model. Loss factor of a 1 MHz 
2015 ASABE Annual International Meeting Paper Page 9 
signal was more significant than the dielectric constant to describe the correlation between this model and the 
dielectric properties. 
 
Figure 11. Predicted model against actual log (MC) for switchgrass. 
 
 
 
 
 
 
Figure 12. Predicted model against actual M.C. (w.b.) for corn stover. 
 
Table 6. Moisture content (w.b.) prediction model for corn stover 
Term Estimate Std Error t Ratio Prob>|t| F ratio 
Intercept −0.427 0.0768 −5.56 <.0001 − 
LF 0.1 −0.045 0.00370 −12.16 <.0001 147.9 
DC 0.1 −0.0178 0.0107 −1.67 0.1014 2.77 
DC1/3 0.1 0.528 0.07910 6.68 <.0001 44.6 
* LF = loss factor, DC = dielectric constant. Following number is the correspondent frequency used for this variables 
Density prediction models require many more variables to develop a model that could explain the variation of 
density based on the dielectric properties. As observed in table 7, sixteen variables were necessary for a 
prediction model with an R2 equals to 0.85 and RMSE = 0.0323 (Figure 13). Related and the original dielectric 
Table 5. Moisture content prediction model for switchgrass 
Term Estimate Std Error t Ratio Prob>|t| F ratio 
Intercept −1.067 0.0148 −72.09 <.0001 − 
LF 5 0.0356 0.00558 6.39 <.0001 40.8 
DC 0.1 0.0562 0.00406 13.86 <.0001 192.1 
* LF = loss factor, DC = dielectric constant. Following number is the correspondent frequency used for this variables 
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variables were involved on the model and, similar to the moisture content, the response for this prediction was 
based on the log of bulk density. Among all the terms, the loss factor of 0.1 MHz signal had the most influence 
on this model. 
The results shown on table 8 and figure 14 used 16 terms to explain 87% of the variation of density for corn 
stover with a RMSE equals to 0.0068. For this model, both simple and related dielectric variables were used to 
predict density for stover with loss factor being more influent than dielectric constant to explain this calibration 
according to the F ratio of the parameters. 
 
 
Figure 13. Predicted model against actual log (B.D.) for switchgrass 
 
Table 4.7. Bulk density prediction model for switchgrass 
Term Estimate Std Error t Ratio Prob>|t| F ratio 
Intercept −1.95 1.54 −1.27 0.2111 − 
LF 0.1 −1.34 0.204 −6.58 <.0001 43.3 
LF 1 0.129 0.0327 3.94 0.0003 15.5 
LF 10 0.0244 0.00770 3.17 0.0028 10.0 
DC 5 −0.195 0.0373 −5.24 <.0001 27.5 
DC1/3 10 −3.45 1.38 −2.51 0.0160 6.28 
LF1/3 0.1 5.41 0.791 6.84 <.0001 46.8 
ln(DC) 1 −1.78 0.261 −6.83 <.0001 46.6 
ln(DC) 2 2.09 0.314 6.66 <.0001 44.4 
ln(DC) 10 1.58 0.577 2.74 0.0089 7.49 
ln(LF) 1 −0.115 0.0257 −4.46 <.0001 19.9 
(LF 0.1 − 1.83) × (LF1/3 0.1 − 
1.15) 
1.28 0.172 7.44 <.0001 55.3 
(LF 1-1.37) ×  (DC1/3 10 − 
1.27) 
−0.304 0.0845 −3.59 0.0008 12.9 
(LF 10 − 2.96) × (ln(LF) 1 + 
0.237) 
−0.0204 0.00748 −2.73 0.0091 7.45 
(DC 5 − 2.30) × (ln(DC) 10 − 
0.680) 
0.237 0.0854 2.78 0.0080 7.71 
(ln(DC) 1 − 0.890) × (ln(DC) 
2 − 0.837) 
0.290 0.129 2.25 0.0296 5.05 
* LF = loss factor, DC = dielectric constant, LT = loss tangent. Following number is the correspondent frequency used for the variable. 
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Figure 4.11. Predicted model against actual B.D. (g/cm3) for corn stover 
 
Table 4.8. Bulk density prediction model for corn stover 
Term Estimate Std Error t Ratio Prob>|t| F ratio 
Intercept 0.310 0.0393 7.90 <.0001  − 
LF 0.1 0.0492 0.0135 3.64 0.0007 13.3 
LF 5 0.00356 0.00629 0.57 0.5745 0.320 
DC 0.1 −0.0338 0.00508 −6.65 <.0001 44.2 
DC 5 −0.0767 0.0213 −3.60 0.0008 13.0 
DC 10 0.00930 0.00258 3.61 0.0008 13.0 
LT 0.1 −0.347 0.0693 −5.00 <.0001 25.0 
LT 5 −0.0160 0.0130 −1.23 0.2240 1.52 
ln(DC) 5 0.169 0.0453 3.74 0.0005 14.0 
ln(LF) 0.1 0.0475 0.00589 8.08 <.0001 65.2 
ln(LF) 10 −0.00500 0.00177 −2.81 0.0073 7.92 
(LF 0.1-1.63) × (LF 5−1.56) −0.0143 0.00173 −8.27 <.0001 68.4 
(DC 0.1−3.61) × (LT 
5−0.752) 
0.009512 0.00157 6.06 <.0001 36.8 
(DC 5−1.80) × (LT 
0.1−0.400) 
−0.142 0.0341 −4.18 0.0001 17.4 
(DC 10−1.98) × (ln(LF) 
10−0.140) 
−0.00172 0.00188 −0.92 0.3640 0.841 
(ln(DC) 5−0.562) × (ln(LF) 
0.1+0.221) 
0.0734 0.0111 6.62 <.0001 43.9 
* LF = loss factor, DC = dielectric constant, LT = loss tangent. Following number is the correspondent frequency used for the variable in MHz. 
 
The high number of variables necessary for predicting bulk density for both switchgrass and corn stover indicates 
that further investigations are necessary for this factor and its interaction in an electric field. Density and moisture 
are two factors that are related to each other, thus, a wider range of both features could help also predicting the 
dielectric properties of these materials. 
 
  
2015 ASABE Annual International Meeting Paper Page 12 
Conclusion 
Dielectric properties for switchgrass and corn stover were successfully calculated under influence of different 
moisture content and bulk density. It could be observed that frequency, moisture content, and bulk density had 
a significant effect on measured dielectric constant and loss factor for both materials. Based on these readings, 
prediction models could be developed to estimate both moisture content and bulk density.  
For switchgrass, a three parameters moisture content model were developed with a coefficient of determination 
(R2) equals to 0.94 and root mean square error (RMSE) of 0.052. Bulk density could be predicted using 16 
parameters where 85% of the variation could be explained by the model with RMSE = 0.0323. Corn stover 
models had a R2 = 0.90 using four parameters for moisture content (RMSE = 0.0315) and a 16 parameters 
prediction to explain 87% of the corn stover density variation with root mean square error equals to 0.0068. 
 The high number of variables for bulk density indicates that this feature requires a wider investigation of its effect 
in an electric field, in addition, increase the range of moisture content level and frequency utilized thus an 
extensive knowledge of the dielectric properties for switchgrass and corn stover can be studied. 
 
Acknowledgments 
The material presented here is based upon work supported by the Agriculture and Food Research Initiative 
Competitive Grant no. 2011-68005-30411 (Agro-ecosystem Approach to Sustainable Biofuels Production via the 
Pyrolysis-Biochar Platform) from the USDA National Institute of Food and Agriculture. Any opinions, findings, 
and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily 
reflect the views of the United States Department of Agriculture nor of Iowa State University. 
References 
ASABE Standards. (2012). S358.2: Moisture Measurement – Unground Grain and Seeds. St. Joseph, Mich.: ASABE. 
ASABE Standards. (2012). S358.3: Moisture Measurement – Forages. St. Joseph, Mich.: ASABE. 
Lawrence, K. C., Nelson, S. O. (1993) Radio-frequency density-independent moisture determination in wheat. Transactions of 
the ASAE, 36(2): 477 – 483. 
Motasemi, F., Afza, M. T., Salema, A. A., Mouris, J., Hutcheon, R. M. (2014) Microwave dielectric characterization of 
switchgrass for bioenergy and biofuel. Fuel, 124, 151-157. 
Nelson, S. O., Trabelsi, S. (2004). Principle for Microwave Moisture and Density Measurement in Grain and Seed. International 
Microwave Power Institute, 39(2), 107-117. 
Nelson, S. O., Trabelsi, S. (2012). Techniques for Measuring the Dielectric Properties of Agricultural Products. ASABE Paper 
No. 12-1338238. St. Joseph, Mich.: ASABE. 
 
2015 ASABE Annual International Meeting Paper Page 13 
